Yamamoto S, Han L, Noiri Y, Okiji T. Evaluation of the Ca ion release, pH and surface apatite formation of a prototype tricalcium silicate cement. International Endodontic Journal, 50, e73-e82, 2017. Aim To evaluate the Ca 2+ -releasing, alkalizing and apatite-like surface precipitate-forming abilities of a prototype tricalcium silicate cement, which was mainly composed of synthetically prepared tricalcium silicate and zirconium oxide radiopacifier. Methodology The prototype tricalcium silicate cement, white ProRoot MTA (WMTA) and TheraCal LC (a light-cured resin-modified calcium silicate-filled material) were examined. The chemical compositions were analysed with a wavelength-dispersive X-ray spectroscopy electron probe microanalyser with an image observation function (SEM-EPMA). The pH and Ca 2+ concentrations of water in which the set materials had been immersed were measured, and the latter was assessed with the EDTA titration method. The surface precipitates formed on the materials immersed in phosphate-buffered saline (PBS) were analysed with SEM-EPMA and X-ray diffraction (XRD). Kruskal-Wallis tests followed by Mann-Whitney U-test with Bonferroni correction were used for statistical analysis (a = 0.05).
Introduction
As the development of mineral trioxide aggregate (MTA) in the early 1990s, Portland cement-derived calcium silicate-based hydraulic cements have gained attention as the materials of choice for various endodontic applications, primarily because they possess excellent biocompatibility and a strong sealing Correspondence: Dr. Takashi Okiji, Department of Pulp Biology and Endodontics, Graduate School of Medical and Dental Sciences, Tokyo Medical and Dental University (TMDU), 1-5-45, Yushima, Bunkyo-ku, Tokyo 113-0001, Japan (Tel.: +81 3 5803 5492; Fax: +81 3 5803 0197; e-mail: t.okiji.endo@tmd.ac.jp). ability, and their setting is not greatly affected by moisture (Camilleri 2015 , Prati & Gandolfi 2015 . The use of MTA for various endodontic applications such as direct pulp capping (Okiji & Yoshiba 2009 , Li et al. 2015 , root-end filling (C ßalıs ßkan et al. 2016), perforation repair (Krupp et al. 2013 ) and apical barrier formation in teeth with open apexes (Bonte et al. 2015 ) is reported to result in promising clinical outcomes.
Calcium silicate-based hydraulic cements are known to possess bioactivity; that is, they have the capacity to release hydroxyl ions (OH À ) and calcium ions (Ca 2+ ), and to produce apatite-like precipitates when they come into contact with phosphate-containing physiological fluids (Sarkar et al. 2005 , Bozeman et al. 2006 , Reyes-Carmona et al. 2009 , Gandolfi et al. 2010 , Han & Okiji 2013 , Han et al. 2015 . Such apatite-like precipitate formation is considered to be the basis for the favourable biological properties of these materials. The precipitates form via the dissolution of the calcium hydroxide that forms during the initial hydration reaction, which causes increases in pH and the Ca 2+ concentration and enhances the supersaturation of the phosphate-containing fluid with respect to calcium phosphates, and hence, promotes precipitation (Kokubo & Takadama 2006) . Calcium phosphate precipitate formation is also known to contribute to the sealing of the material-dentine interface (Sarkar et al. 2005 , Reyes-Carmona et al. 2009 ) and the occlusion of dentinal tubules (Han & Okiji 2013 , Yoo et al. 2014 . MTA has several drawbacks; for example, it has a long setting time (Torabinejad et al. 1995 , Dammaschke et al. 2005 , is difficult to handle and causes discoloration (Camilleri 2014a) , and several new calcium silicate-based materials have recently been developed to address these limitations. In particular, the long setting time causes clinical inconvenience and puts the material at risk of washout. Thus, several fast-setting calcium silicate-based materials have been developed. These materials have been subjected to various modifications; for example, setting accelerators such as calcium chloride have been added to the mixing liquid (Kogan et al. 2006) ; the powder components have been modified to accelerate the setting reaction (e.g. pozzolans have been added; Han et al. 2015) ; and finer powder particles have been used to increase the surface area that comes into contact with water, and thus accelerate hydration reactions . Resin-modified calcium silicate materials, such as TheraCal LC (Bisco Inc., Schaumburg, IL, USA), have also been developed to counter some of the shortcomings of MTA; TheraCal LC sets immediately after light irradiation and is easier to handle than MTA due to its increased material flow (Gandolfi et al. 2012) . However, improving particular properties of calcium silicate materials might adversely affect their other properties, as exemplified by the fact that the addition of setting accelerators decreases the physical properties of MTA (Kogan et al. 2006) , and thus, materials with new compositions should be evaluated comprehensively before their clinical application.
Another concern regarding calcium silicate-based hydraulic cements is that the Portland cement within these cements is produced from natural raw materials, which could lead to compositional differences and the inclusion of heavy metal elements (Schembri et al. 2010 , Chang et al. 2011 . Therefore, pure tricalcium silicate manufactured from pure raw materials has been used to replace Portland cement in an attempt to maintain reliable and stable performance (Camilleri 2011) . In vitro testing has demonstrated that tricalcium silicate generates hydroxyapatite upon contact with synthetic body fluid (Zhao et al. 2005) . Materials that contain synthetically prepared tricalcium silicate include Biodentine (Septodont, Saint-Maur-des-Fosses, France) and EndoSequence BC Root Repair Material (ERRM; Brasseler, Savannah, GA, USA); Biodentine has a reduced setting time and higher physical strength (Grech et al. 2013) , and ERRM is claimed to have improved handling properties due to its pre-mixed form and syringeable or putty consistency. Both Biodentine (Han & Okiji 2013) and ERRM (Shokouhinejad et al. 2012) demonstrate bioactivity represented by the production of apatite-like surface precipitates when immersed in phosphate-containing solutions.
Moreover, bismuth oxide (the radiopacifier used in ProRoot MTA) is known to retard setting (Formosa et al. 2012) , negatively influence biocompatibility (Gomes Cornelio et al. 2011) and cause discoloration (Camilleri 2014a , Shokouhinejad et al. 2016 , and so alternative radiopacifiers are being investigated. Zirconium oxide has been suggested as a potentially useful radiopacifier as it does not affect the hydration reaction of Portland cement and does not seem to cause tooth discoloration (Kang et al. 2015) .
In order to avoid the abovementioned problems resulting from the properties of Portland cement and bismuth oxide, a prototype fast-setting tricalcium silicate cement (Nippon Shika Yakuhin, Shimonoseki, Japan; Table 1 ) has been developed. This material is mainly composed of synthetically prepared fine tricalcium silicate particles, and zirconium oxide is used as a radiopacifier. The liquid contains methylcellulose in order to confer a creamy consistency and increase washout resistance (Ber et al. 2007) . Preliminary studies have demonstrated that the setting time of this material, determined using a Vicat needle in accordance with Japanese Industrial Standards T 6522 (Japanese Standard Association 2015), was 8.5-9 min at a powder-to-liquid ratio of 3 : 1.
Examinations of the in vitro bioactivity of calcium silicate-based hydraulic cements, that is Ca 2+ -releasing ability, pH and apatite-forming ability, are thought to be useful for predicting their in vivo bioactivity (Kokubo & Takadama 2006) , and different materials might exhibit varying degrees of in vitro bioactivity based on their compositions (Camilleri 2011 , 2014b , Han & Okiji 2013 , Han et al. 2015 . Thus, the purpose of the present study was to compare the in vitro bioactivity of the abovementioned prototype tricalcium silicate cement in comparison with those of two commercially available calcium silicate-based materials (white ProRoot MTA and TheraCal LC). The null hypothesis was that the Ca 2+ -releasing, alkalizing and apatite-like surface precipitate-forming abilities of the prototype material do not differ from those of ProRoot MTA and TheraCal LC.
Materials and methods

Materials
White ProRoot MTA (WMTA; Dentsply Tulsa Dental, Tulsa, OK, USA), TheraCal LC (Bisco, Schaumburg, IL, USA) and the prototype tricalcium silicate cement (Nippon Shika Yakuhin, Shimonoseki, Japan) were examined ( Table 1 ). The WMTA was mixed according to the manufacturer's instructions at a powder-towater weight ratio of 3 : 1. The TheraCal LC was light-cured for 10 s using a light-curing unit (Pencure 2000, Morita, Kyoto, Japan). The prototype calcium silicate cement was mixed at a powder-to-liquid ratio of 3 : 1, according to the manufacturer's instructions.
Electron probe microanalysis
The powder of each material was mounted in an aluminium holder (height: 4 mm and diameter: 6 mm) and sputter-coated with a 300-nm-thick gold layer using an ion coater (IC-50; Shimadzu, Kyoto, Japan). The TheraCal LC was injected into a silicone tube (diameter: 6 mm) and light-cured. The cured specimens were then embedded in a resin material (Technovit 4071, Heraeus Kulzer, Wehrheim, Germany), polished with a resin-bonded diamond grinding disc (No. 1500 MD-Piano series, Struers, A/S, Ballerup, Denmark) attached to a water-cooled rotating polishing machine (RotoPlo-12, Roto Module, Rodovre, Denmark) and gold-coated as described above. The chemical compositions and ultrastructures of the test materials (n = 3 for each material) were then analysed with a wavelengthdispersive X-ray spectroscopy electron probe microanalyser with an image observation function (scanning electron microscopy [SEM]-spectroscopy electron probe microanalysis [EPMA]; EPMA1601, Shimadzu, Kyoto, Japan). All analyses were carried out at an accelerating voltage of 15 kV and a probe current of 0.015 lA.
Ca
2+ and pH measurement
Silicon tubes (length: 10 mm, internal diameter: 4 mm) were filled with one of the test materials 50, e73-e82, 2017 (n = 5 for each material). The WMTA and the prototype tricalcium silicate cement were mixed according to the manufacturers' instructions, and the TheraCal LC was injected and light-cured as described above. The specimens were then stored for 4 h at a relative humidity of 100% to allow the initial setting of the materials. Individual specimens were then immersed in 5 mL of distilled water, according to the methods of Duarte et al. (2003) and Tanomaru-Filho et al. (2009) . The evaluation periods were 0-5, 6-24, 25-48 and 144-168 h, and all the tubes were moved to new solution at the beginning of each period.
At the end of each evaluation period, the medium was collected, and its calcium ion concentration was measured using an ethylenediaminetetraacetic acid (EDTA) titration method (Itoh & Ueno 1970 , Han & Okiji 2013 , Han et al. 2015 . Briefly, 5 mL of distilled water and approximately 1 mL of an 8 mol L À1 potassium hydroxide solution were added to 1 mL of sample solution, and then, a small amount of NN indicator (C 21 H 14 N 2 O 7 S; Dojindo, Kumamoto, Japan) diluted with potassium sulphate was added. The solution was immediately titrated with 0.01 mol L À1 EDTA-2Na (Dojindo, Kumamoto, Japan) until the wine red colour of the solution completely disappeared and a sky blue colour developed. The amount of calcium in the sample was calculated using the following equation: 1 mL of 0.01 mol L À1 EDTA2Na = 0.4008 mg Ca. The pH of the medium was measured with a pH meter (HM-30R, ToaDKK, Tokyo, Japan; n = 5 for each material in each time period).
Analysis of surface precipitates
The specimens prepared as mentioned above (n = 5 for each material) were immersed individually in plastic vials containing 5 mL of Ca-and Mg-free phosphate-buffered saline (PBS; 137 mmol L À1 NaCl, ) for 7 days. The surface precipitates that formed on the specimens were harvested by gentle scraping with a sterile dental mixing spatula. The collected precipitates were mounted on aluminium stubs and sputter-coated as described above, and their morphology and elemental composition were analysed using SEM-EPMA at an accelerating voltage of 15 kV and a probe current of 0.015 lA, as described previously (Han & Okiji 2013 , Han et al. 2015 .
X-ray diffraction (XRD) was used to analyse the crystallinity of the precipitates (assembly, Rigaku, Tokyo, Japan). The peaks in the diffraction spectrum of each sample were measured using a conventional powder diffractometer and a silicon reflection-free sample plate. The copper X-ray source was operated at an acceleration voltage of 40 kV and an electron beam current of 30 mA, and the samples were scanned at a rate of 1°per minute. The positions of the peaks in the samples' XRD patterns were compared with those of the standard materials included in the Powder Diffraction File (JCPDS International Center for Diffraction Data 1998, Pennsylvania, USA).
Statistical analysis
The data were analysed using the Kruskal-Wallis test followed by the Mann-Whitney U-test with Bonferroni correction using statistical software (Prism 5 for Mac OS X, GraphPad Software, La Jolla, CA, USA) at a significance level of 5%.
Results
Elemental compositions and ultrastructures of the test materials
As shown in Table 2 , the prototype tricalcium silicate cement contained Ca, Si and Zr as major elemental components and did not contain several elements, such as Bi, Fe, Al, Mg, Ba and Sr, that were detected in WMTA and/or TheraCal LC. The prototype material and WMTA exhibited similar Ca concentrations (27.87 and 29.33 mol%, respectively), whereas the Ca concentration of the TheraCal LC was lower (6.47 mol%). Figure 1 shows the ultrastructure of each material. The prototype tricalcium silicate cement was mainly composed of fine particles of <1 lm in diameter, whereas the WMTA contained particles of various sizes, including particles of about 10 lm in diameter. The surface structure of TheraCal LC resembled that of set resin composite, that is 'filler' particles of various sizes embedded in a resin matrix.
Ca
2+ release Table 3 shows the amounts of Ca 2+ released from the materials during each time period. During all time periods, the prototype tricalcium silicate cement and WMTA released significantly greater amounts of Ca
2+
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than the TheraCal LC (P < 0.05). No significant differences were detected between the amounts of Ca 2+ released by the prototype material and WMTA (P > 0.05).
pH
As shown in Table 4 , the pH values of all the materials were highest at 5 h and gradually decreased thereafter. During all of the time periods, the prototype tricalcium silicate cement and WMTA demonstrated significantly higher pH values than TheraCal LC (P < 0.05). No significant differences in pH were detected between the prototype material and WMTA, except during the 6-to 24-h period when WMTA exhibited a significantly higher pH (P < 0.05) and during the 144-to 168-h period when WMTA exhibited a significantly lower pH (P < 0.05).
Morphology and elemental composition of the surface precipitates
The three materials produced surface crystalline precipitates of varying sizes, which typically displayed a spherical appearance with acicular microprojections (Fig. 2) . These precipitates contained Ca and P as their main constituents, and their Ca/P ratios exhibited the following order: prototype tricalcium silicate cement > WMTA > TheraCal LC (Fig. 2) . During XRD analysis of the surface precipitates that formed on the samples of each material (Fig. 3) , peaks corresponding to hydroxyapatite were clearly detected in the surface precipitates that formed on the prototype tricalcium silicate cement and WMTA, whereas the equivalent peaks for the precipitates that formed on TheraCal LC were obscure.
Discussion
This study demonstrated that all three of the examined materials had the ability to release Ca 2+ , maintain an alkaline pH and produce surface precipitates composed of Ca and P. The prototype tricalcium silicate cement and WMTA exhibited similar pH levels and Ca 2+ concentrations, and the quality of their apatite-like precipitates was also similar, whereas TheraCal LC had a lower pH, released significantly less Ca 2+ and produced precipitates with lower Ca/P ratios than the other materials. Thus, the hypothesis that the Ca 2+ -releasing, alkalizing and apatite-like surface precipitate-forming abilities of prototype tricalcium silicate cement do not differ from those of WMTA and TheraCal LC was rejected. The ability to release Ca 2+ and OH À might be regarded as key to the favourable biological properties of calcium silicate-based hydraulic cements because these ions possess several biological functions, such as cell differentiation and tissue mineralization (Schr€ oder 1985) . Strong alkalinity is also associated with antimicrobial activity in calcium silicate-based materials (Al-Hezaimi et al. 2006) . The ion release from calcium silicate-based materials might depend on several factors, such as the size, density and distribution of the mineral particles (calcium hydroxide or unhydrated cement particles), and the network structure of the hydrated cement matrix (the calcium silicate hydrate phase), which is responsible for water sorption, solubility and water permeability. In this study, all of the test materials released Ca
2+
, as determined by EDTA titration, which is used in various fields of analytic chemistry (Itoh & Ueno 1970) . The amounts of Ca 2+ released from WMTA were initially high and gradually decreased as the soaking time increased, which agrees with the results of previous studies based on atomic absorption spectrophotometry (Duarte et al. 2003 , Tanomaru-Filho et al. 2009 or EDTA titration (Han & Okiji 2013 , Han et al. 2015 .
The pH levels of all of the materials were initially high and then gradually decreased with time, which was also consistent with previous reports (Duarte et al. 2003 , Tanomaru-Filho et al. 2009 ). TheraCal LC exhibited significantly lower levels of Ca 2+ release
and pH values than the other materials, which might be attributed to its modified resin, as discussed below.
Calcium silicate-based hydraulic cements are known to produce precipitates composed of hydroxyapatite and its precursors when they come into contact with phosphate-containing physiological fluids (Sarkar et al. 2005 , Bozeman et al. 2006 , Reyes-Carmona et al. 2009 , Gandolfi et al. 2010 , Han & Okiji 2013 , Han et al. 2015 . The resultant 'apatite coating' is considered not only to be the basis for the favourable biocompatibility of these materials, but also to play a positive role in cell attachment, differentiation and tissue repair accompanied by mineralized tissue genesis (Thomson et al. 2003 , Seo et al. 2013 . In the present study, ultrastructural and EPMA-based examinations demonstrated that all of the test materials produced surface precipitates, which typically displayed a spherical appearance with acicular microprojections and contained Ca and P as their main elements (Fig. 2) . The 7 days of immersion period was shorter than that in previous studies (Sarkar et al. 2005 , Bozeman et al. 2006 , Reyes-Carmona et al. 2009 , Han & Okiji 2013 , Han et al. 2015 , suggesting that the precipitates were less 'mature' than those in the abovementioned studies. Nevertheless, the findings are consistent with the observation that spherical precipitates containing apatites are uniformly formed on WMTA after 7 days of PBS immersion (Gandolfi et al. 2010) . Moreover, XRD peaks corresponding to hydroxyapatite were detected in the precipitates produced by the WMTA and the prototype material (Fig. 3) . These findings indicate that the three materials share the ability to form an 'apatite coating' in phosphate-containing environments, although the apatite coating-forming abilities of WMTA and the prototype material seemed to be greater than that of TheraCal LC. In the current study, TheraCal LC released Ca 2+ , produced an alkaline pH and formed surface precipitates. These findings are consistent with those of previous studies (Gandolfi et al. 2012 , Camilleri 2014b and indicate that TheraCal LC possesses bioactivity that might contribute to its ability to promote reparative dentinogenesis. However, compared with the other materials, TheraCal LC released less Ca 2+ and exhibited lower pH values and less marked precipitate formation. This might be attributable, at least in part, to the finding that the Ca content of TheraCal LC was lower than those of the other materials ( Table 2 ). The low solubility of TheraCal LC (Gandolfi et al. 2012) might also explain why it released lower amounts of Ca 2+ and OH À . Moreover, another study has demonstrated that TheraCal LC does not form calcium hydroxide after setting, although it releases Ca 2+ and produces Ca-P deposits on its surface (Camilleri 2014b) . It can be assumed that the resin matrix of TheraCal LC permits restricted ion exchange with the surrounding environment, which reduces the extent of the hydration of its calcium silicate components by limiting water absorption, and also helps to reduce the amount of Ca 2+ that leaches from the set material. The absence of calcium hydroxide in set TheraCal LC suggests that the Ca 2+ ions that leach from this material are not in the hydroxide form (Camilleri
(e) (f) Figure 2 Ultrastructures (a, c, e) and major elemental components (b, d, f) of the surface precipitates that formed on (a, b) the prototype tricalcium silicate cement, (c, d) WMTA, and (e, f) TheraCal LC after the materials were immersed in PBS for 7 days. Bar = 10 lm.
2014b). Future studies should examine whether the lower Ca
-releasing ability, together with the cytotoxic effect (Hebling et al. 2009 , Poggio et al. 2014 due to unpolymerized resin monomers (Issa et al. 2004) , of TheraCal LC has an influence on its biological and clinical performance.
The prototype tricalcium silicate cement examined in this study is mainly composed of tricalcium silicate powder that had been prepared synthetically de novo in the laboratory in order to eliminate trace impurities, such as heavy metals derived from the natural raw materials of Portland cement (Schembri et al. 2010 , Chang et al. 2011 . In the present study, metallic elements such as Bi, Fe, Al, Mg, Ba and Sr were not detected during the compositional analysis of the prototype (Table 2) , which indicates that the prototype powder was pure. Moreover, the powder consisted of finer particles than the WMTA powder ( Fig. 1) , which might have contributed to its short setting time by increasing the amount of its surface area that came into contact with water ). The prototype material contains zirconium oxide, which is an inert radiopacifier and does not seem to cause tooth discoloration (Kang et al. 2015) . Furthermore, the liquid contains methylcellulose in distilled water to improve its mixing and handling properties and confer washout resistance (Ber et al. 2007) . It seems notable that the addition of methylcellulose was responsible for the creamy consistency of the cement paste, and thus, the prototype cement was much more viscous than WMTA and even syringeable for a few minutes after mixing. The current study demonstrated that the prototype tricalcium silicate material released Ca 2+ , produced an alkaline pH and formed surface precipitates at similar levels to WMTA. This may support the view that this material exhibits similar bioactive behaviour to WMTA, and thus would be useful as an alternative to WMTA.
The composition of the prototype tricalcium silicate cement shows some similarity to that of Biodentine, which has a rapid setting time and high strength (Grech et al. 2013 ) and contains synthetically prepared calcium silicates and zirconium oxide in the powder and calcium chloride (a setting accelerator) and a water-reducing agent in the liquid (Laurent et al. 2012 , Grech et al. 2013 , Han & Okiji 2013 . Biodentine produces apatite-containing precipitates when immersed in phosphate-containing solutions (Han & Okiji 2013) , as shown for the prototype cement in this study. Biodentine also exhibits cytocompatibility and antibacterial activity (Poggio et al. 2014) and induces mineralization of pulp cells in vitro (Laurent et al. 2012) and reparative dentinogenesis in vivo (Tran et al. 2012) . It seems reasonable to assume from the compositional similarity that the prototype cement shares at least some of these favourable properties with Biodentine, although further evaluation is necessary.
Conclusions
The prototype tricalcium silicate cement displayed similar Ca 2+ -releasing, alkalizing and apatite-like precipitate-forming abilities to WMTA. The Ca 2+ -releasing, alkalizing and apatite-like precipitate-forming abilities of TheraCal LC were weaker than those of the other materials.
